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Lipid monolayer self-assembled on mercury
Tethered bilayer lipid membrane
Nucleation and growth
Partially fused vesicleThe mechanism of membrane permeabilization by the antimicrobial peptide distinctin was investigated by
using two different mercury-supported biomimetic membranes, namely a lipid self-assembled monolayer
and a lipid bilayer tethered to the mercury surface through a hydrophilic spacer (tethered bilayer lipid
membrane: tBLM). Incorporation of distinctin into a lipid monolayer from its aqueous solution yields rapidly
ion channels selective toward inorganic cations, such as Tl+ and Cd2+. Conversely, its incorporation in a tBLM
allows the formation of ion channels permeable to potassium ions only at non-physiological transmembrane
potentials, more negative than −340 mV. These channels, once formed, are unstable at less negative
transmembrane potentials. The kinetics of their formation is consistent with the disruption of distinctin
clusters adsorbed on top of the lipid bilayer, incorporation of the resulting monomers and their aggregation
into hydrophilic pores by a mechanism of nucleation and growth. Comparing the behavior of distinctin in
tBLMs with that in conventional black lipid membranes strongly suggests that distinctin channel formation in
lipid bilayer requires the partitioning of distinctin molecules between the two sides of the lipid bilayer. We
can tentatively hypothesize that an ion channel is formed when one distinctin cluster on one side of the lipid
bilayer matches another one on the opposite side.: +39 055 457 3385.
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Antimicrobial cationic peptides secreted from amphibian dorsal
granular glands are recognized as essential components of animal
innate defense systems [1]. Most of these molecules assume a
conformation in which clusters of hydrophobic and cationic amino
acids are spatially organized into discrete sections, giving rise to the
so-called amphipatic design. These peptides interact with negatively
charged phospholipids, which are typical components of most target
microbes.
Distinctin (D1), a bioactive peptide puriﬁed from Phyllomedusa
distincta, a frog living in Brazil forests, shows an uncommon
heterodimeric structure [2]. It consists of two linear peptide chains,
one (chain A) of 22 amino acid residues and the other (chain B) of 25
amino acid residues, as shown in Fig. 1. The two chains are connected
by a single intramolecular S\S bond. D1 has a net charge of +7, with
9 positively charged residues clustered in close proximity to the S\S
bond. D1 exhibits a marked antimicrobial activity against both gram-
positive and gram-negative bacteria, comparable with that of its
individual chains [3,4]. In aqueous solution it forms a predominantlyhelical structure where its two chains are in close contact with each
other [3]. To screen the hydrophobic surfaces formed by its two
amphipatic helices, two D1 monomers associate in aqueous solution,
forming a noncovalent compact 4-helix dimer (A–B)2 that is more
protected against proteolysis than the individual chains of the
monomer [3,4]. The overall 3D structure of the D1 dimer in water is
largely characterized by a bundle [3] of four left-handed helixes that
have an almost parallel orientation and do not form a coiled coil.
Oriented solid-state NMR and CD spectroscopies point to a quite
different D1 conformation in lipid bilayers. In this case, chain B is
adsorbed on the lipid bilayer surface, parallel to the bilayer plane, with
the hydrophilic residues turned toward the aqueous phase and the
hydrophobic ones turned toward the lipid. In contrast, chain A adopts
a more tilted orientation that deviates from perfect in-plane
alignment by about 20–25°, pointing toward the interior of the
bilayer [4,5]. The ﬂexible terminal of chain A inside the membrane is
assumed to rearrange to optimize the interactions with the lipid
bilayer [5]. The drastic conformational rearrangement induced by the
membrane environment on the D1 dimer, with replacement of
peptide–peptide interactions by peptide–membrane interactions, is
quite probably preceded by dimer dissociation.
Interaction of D1 with a bilayer lipid membrane (BLM) interposed
between two aqueous solutions gives rise to an ionic ﬂux across the
membrane, provided a high transmembrane potential (Δϕ) of about
Fig. 1. Primary structure of distinctin.
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brane potential required to allow a detectable ionic ﬂux decreases
until ultimately, after about 45 min, the current vs. Δϕ curve exhibits
an ohmic behavior. Single channel currents recorded by the patch-
clamp technique show different current levels that increase with an
increase in Δϕ. This behavior led Scaloni and coworkers [3] to
postulate D1 insertion into the BLM, with formation of ion channels
consisting of monomer clusters of increasing size, according to the
“barrel-stave” model [6]. After determining the D1 conformation in
membrane environment, Scaloni and coworkers [4] then proposed ion
channel formation by aggregation of four or ﬁve D1 monomers within
themembrane, on the basis of molecular dynamics simulations; only a
single D1 chain was considered to be inserted in the membrane, at the
tilt angle estimated from solid-state NMR spectra, with the other
chain lying ﬂat on the lipid bilayer surface. In view of the small tilt
angle with respect to the bilayer plane and the length of the A and B
chains (about 1.7 and 2.7 nm, respectively), this model requires an
appreciable local thinning of the lipid bilayer around the ion channel.
Taking the latter features into account, Resende et al. [5] suggested
that D1 intercalation into the membrane surface destabilizes the
membrane packing locally. This may lead to local disintegration of
the membrane by disrupting the bilayer curvature, according to the
“carpet model” [7]. This model requires a high local surface
concentration of the peptide monomers, so as to form a localized
“carpet”. A possible alternative model suggested by Velardi et al. [8] in
a more recent paper does not require a high local D1 surface
concentration. According to this model, an adsorbed peptidemolecule
perturbs the membrane surface by creating a mass imbalance across
the bilayer, possibly because of an increase in local curvature strain.
This perturbation enhances the probability of the peptide transiently
inserting into the bilayer hydrocarbon tails and ultimately crossing
the bilayer. The transient insertion state catalyzes ionic ﬂux across the
membrane. In the case of peptide molecules adsorbed on lipid
vesicles, some vesicles may abruptly lose all of their contents due to
peptide transient insertion, while other vesicles are not affected (all-
or-none mechanism) [9]; at the other extreme, all vesicles lose their
contents gradually (graded mechanism) [10].
The present work aims at clarifying the mechanism of membrane
permeabilization by D1 by using two different mercury-supported
biomimetic membranes, namely a lipid self-assembled monolayer
(SAM) and a tethered bilayer lipid membrane (tBLM). The latter
biomimetic membrane was obtained by tethering a thiolipid
monolayer to the mercury surface. The thiolipid, called DPTL [11],
consists of a tetraethyleneoxy hydrophilic chain, terminated at one
end with a lipoic acid residue, for anchoring to the metal surface, and
covalently linked at the other end to two phytanyl chains mimicking
the hydrocarbon tails of a lipid. Self-assembling a phospholipid
monolayer on top of the thiolipid monolayer gives rise to a lipid
bilayer interposed between the aqueous solution and the hydrophilic
chain, which acts as an ionic reservoir. This mercury-supported tBLM
has been extensively employed for the investigation of ion channels
[12–16].2. Materials and methods
Water was obtained by an inverted osmosis unit; it was then
distilled once and redistilled from alkaline permanganate. Merck
(Darmstadt, Germany) suprapur® KCl was baked at 500 °C before useto remove any organic impurities. TlNO3, CdSO4, HCl and K2HPO4 from
Merck and NaIO3 from Sigma-Aldrich (Milano, Italy) were used
without further puriﬁcation. Dioleoylphosphatidylcholine (DOPC)
and dioleoylphosphatidic acid (DOPA) were purchased in chloroform
solution from Avanti Polar Lipids (Birmingham, AL, U.S.A.). 2,3,di-O-
phytanyl-sn-glycerol-1-tetraethylene-glycol-D,L-α lipoic acid ester
lipid (DPTL) was provided by Prof. Adrian Schwan (Department of
Chemistry, University of Guelph, Canada). Alamethicin was purchased
from Sigma-Aldrich and was used without further puriﬁcation.
Solutions of 0.2 mg/mL DPTL in ethanol were prepared from a 2 mg/
mL solution of DPTL in ethanol. Stock solutions of this thiolipid were
stored at−18 °C. D1 peptide chains were independently synthesized
by 9-ﬂourenyl-methoxycarbonyl solid-phase (Fmoc) chemistry as
previously described [3]. The two peptide chains were dissolved in
basic aqueous solution and slowly mixed and dried under air ﬂow to
form the intramolecular disulﬁde bond [3]. The asymmetric dimer
was puriﬁed by reversed phase HPLC (98.2% purity), with the
molecular mass conﬁrmed by MALDI-TOF mass spectrometry. D1
measured mass: 5479.6 Da (theoretical mass: 5478.6 Da). A detailed
description of D1 synthesis and puriﬁcation is provided in “Supporting
Materials and Methods” of Ref. [3].
Small unilamellar vesicles (SUVs) were prepared by drying a single
lipid or a lipid mixture in chloroform onto the walls of a test tube
under ﬂowing N2 for 30 min, to ensure the removal of all the solvent.
The dried lipid was resuspended in aqueous 0.1 M KCl by vortexing for
about 5 min. Lipid vesicles were formed by sonicating the suspension
to clarity, using the 3 mm diameter microtip of an Autotune Series
High Intensity Ultrasonic Processor (Sonics, Danbury, CT). To prevent
heating the sample, the sonication was carried out on ice in 5-s pulses
separated by 5-s cooling periods. The total sonication time was
typically 30 min. The SUVs were stored in small vials and were used
over a period of one week. The hydrodynamic radius of the vesicles
measured by dynamic light scattering was 50 nm, with a narrow
distribution width.
All measurements were carried out with a home-made hanging
mercury drop electrode (HMDE) described elsewhere [17]. A home-
made glass capillary with a ﬁnely tapered tip, about 1 mm in outer
diameter, was employed. Capillary and mercury reservoir were
thermostated at 25±0.1 °C in a water-jacketed box to avoid any
changes in drop area due to a change in temperature. Mercury-
supported lipid SAMs were obtained by spreading a lipid solution in
pentane on the surface of a 0.1 M KCl aqueous solution, in an amount
corresponding to ﬁve to six phospholipid monolayers. After allowing
the pentane to evaporate, the HMDE was immersed into the aqueous
solution across the lipid ﬁlm. This procedure gives rise to a lipid
monolayer with the hydrocarbon tails directed toward the mercury
surface and the polar heads directed toward the aqueous solution,
thanks to the hydrophobic nature of the mercury surface. Mercury-
supported tBLMswere obtained by tethering a DPTLmonolayer on the
HMDE upon keeping the mercury drop immersed in a 0.2 mg/mL
DPTL solution in ethanol for 20 min. A monolayer consisting of DOPC
or a DOPC/DOPA mixture was then formed on top of the DPTL
monolayer by two different procedures. One procedure was analo-
gous to that employed for the preparation of mercury-supported lipid
SAMs and consisted in spreading a lipid solution in pentane on the
surface of a 0.1 M KCl aqueous solution. Immersing the DPTL-coated
mercury into the aqueous solution across the lipid ﬁlm causes a lipid
monolayer to self-assemble on top of the DPTL monolayer, thanks to
the hydrophobic interactions between the alkyl chains of the
phospholipid and those of the thiolipid. The other procedure
consisted in adding an aliquot of vesicle preparation, dosed to attain
a vesicle concentration of 25 μg/mL, to a 0.1 M KCl aqueous solution
containing a DPTL-coated mercury drop and in allowing the vesicles
to fuse on the DPTL monolayer. With both the “spreading procedure”
and the “vesicle fusion procedure”, the tBLM was then subjected to
repeated potential scans over a potential range from −0.20 to
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component (Y″) of the electrode admittance at 75 Hz against the
applied potential (E) using AC voltammetry, until a stable Y″ versus E
curve was attained.
Impedance spectroscopy and potential-step chronocoulometric
measurements were carried out with an Autolab instrument
PGSTAT12 (Echo Chemie, Utrecht, The Netherlands) supplied with
FRA2 module for impedance measurements, SCAN-GEN scan gener-
ator and GPES 4.9007 Beta software. Potentials were measured vs. a
Ag|AgCl electrode immersed in a 0.1 M KCl working solution, but are
referred to a saturated calomel electrode (SCE).
3. Results
3.1. Effect of D1 on a mercury-supported lipid monolayer
The ability of D1 to form pores in membranes was ﬁrst tested in a
DOPC monolayer self-assembled on mercury in the presence of
thallous ion. This monolayer is impermeable to Tl+ ion. However, in
the presence of ion channel-forming peptides, such as gramicidin
[18,19] and trichogin GA IV [20], Tl+ ion permeates the DOPC
monolayer and is reduced to thallium amalgam, Tl(Hg), with a formal
potential of−0.47 V for the Tl+/Tl(Hg) couple. Fig. 2 shows a series of
cyclic voltammograms recorded at regular time intervals on a DOPC-
coated Hg electrode immersed in an aqueous solution of 0.1 M KCl and
1.4×10−4 M Tl+, immediately after the addition of D1. To this end,
4 nmol of D1 were added to the aqueous solution with a microsyringe
whose needle was placed at about 1 cm from the HMDE. This addition
induces the appearance of a Tl+ cyclic voltammetric curve that is
initially low and quasi-reversible, with a separation (ΔEp) between
the oxidation and reduction peaks of about 140 mV. With increasing
time, the height of the peaks increases and their separation attains a
value of 63 mV, close to the value predicted for reversible behavior
(59 mV). At long times, D1 tends to make the DOPC monolayer
perfectly permeable to Tl+ ions. If, immediately after the addition of
D1 to the Tl+ solution in aqueous 0.1 MKCl, the solution is stirred for a
few seconds, the cyclic voltammogram recorded on DOPC-coated
mercury becomes practically equal to that recorded on bare mercury
in the same solution. This indicates that the progressive increase in
the height of the cyclic voltammetric peaks shown in Fig. 1 is mainly
due to slow D1 diffusion toward the electrode.
Cadmium ion in aqueous 0.1 M KCl is reduced reversibly on
bare mercury to cadmium amalgam, Cd(Hg), with a formal potential
of −0.610 V. Cd2+ electroreduction is completely inhibited by aFig. 2. Cyclic voltammograms of 1.4×10−4 M Tl+ in aqueous 0.1 M KCl, recorded on
DOPC-coated mercury at different times t measured from the addition of 0.2 μM D1. In
the order of increasing current, t equals 0, 8, 18, 28, 38, 48, 59, and 75 min. The dashed
curve is the Tl+ cyclic voltammogram recorded on bare mercury. Scan rate: 50 mV s−1.Hg-supported DOPC monolayer. A rapid addition of D1 causes the
appearance of a Cd2+ cyclic voltammetric curve that increases in time
with the increase in the amount of D1 that reaches the electrode surface.
As distinct from the cyclic voltammograms of Tl+, those of Cd2+ are
totally irreversible, with a ΔEp value of about 0.360 V at a scan rate of
50 mV s−1. Moreover, the peak current attains a maximum limiting
value that is decidedly less than that on baremercury, as shown in Fig. 3.
It should also be noted that Cd2+ electroreduction is not complete over
the potential range of stability (−0.90 VbEb−0.1 V) of the Hg-
supported DOPC monolayer. This is also true for the reversible cyclic
voltammogram of Cd2+ on bare mercury, if the same potential range is
adopted (see the dash-point curve in Fig. 3).
An inorganic monovalent anion that is electroactive on bare Hg
over the above potential range is iodate ion. Thus, it starts to be
electroreduced to iodide ion at about −0.35 V in a pH 5.5 phosphate
buffer containing 0.1 M KCl. Its electroreduction is completely blocked
by a DOPC monolayer. In this case, the presence of D1 has no effect
(data not shown).
The above results point to a clear-cut selectivity of the pores
created by D1 in lipidmonolayers toward inorganic cations. The easier
penetration of inorganic monovalent cations with respect to divalent
ones is to be expected, in view of the higher potential energy barrier
opposed by the hydrocarbon tails of the lipid monolayer to the
penetration of charged molecules.
3.2. Effect of D1 on a mercury-supported DPTL|lipid bilayer
The electrochemical impedance spectra of a Hg-supported DPTL|
DOPC tBLM in aqueous 0.1 MKCl are not affected by the addition of D1
from −0.150 V up to about −0.950 V. At this negative potential, the
quadrature component of the admittance, which is a rough measure
of the tBLM differential capacitance, undergoes an abrupt increase.
Particular revealing results are obtained by stepping the applied
potential from an initial value Ei=−0.250 V to progressively more
negative ﬁnal values Ef, and by recording the resulting charge
transients by chronocoulometry. For Ef values less negative than
−0.950 V, the plots of the chargeQ against time are not affected by D1
additions; they consist of an initial ﬂux of purely capacitive charge,
lasting less than one millisecond, followed by a linear increase of Q in
time, due to a constant small reduction current. This current is to be
ascribed to a slight electroreduction of water to H2, catalyzed by the
sulfur atoms bound to the mercury surface. When the ﬁnal potential
Ef=−0.950 V is attained, the charge transient exhibits a sigmoidalFig. 3. Cyclic voltammograms of 1.5×10−4 M Cd2+ in aqueous 0.1 M KCl, recorded on
DOPC-coated mercury at different times t measured from the addition of 0.2 μM D1. In
the order of increasing current, t equals 0, 6, 14, 23, 33, and 43 min. The dash-point
curve is the Cd+ cyclic voltammogram recorded on bare mercury. Scan rate: 50 mV s−1.
Fig. 5. The solid curves a and b are charge steps following potential jumps from
−0.250 V to−0.950 V on a tBLM obtained by the spreading procedure and immersed
in aqueous 0.1 M KCl containing 0.4 μM D1. Curve a was obtained by the pristine
potential jump; curve b was obtained by a second potential jump after a rest time of
30 s at −0.250 V. The dashed curve a was calculated using the parameters θ0=0.1,
n=2, kh,Nvh,R2 =1×10−4 s−3, kNkR2=4×103 s−3, kd,R=7×10−3 cm2 s−1 and p=0.1;
the dashed curve b was calculated using the parameters θ0=0.1, n=2,
kNkR2=4×103 s−3, kd,R=7×10−3 cm2 s−1 and p=0.17. Curve c is a charge step
following a potential jump from −0.250 V to −0.600 V on a tBLM obtained by the
spreading procedure and immersed in aqueous 0.1 M KCl containing 0.4 μM
alamethicin. The corresponding dashed curve was calculated using the parameters
θ0=0.4, n=2, kh,Nvh,R2 =1×10−6 s−3, kNkR2=4×104 s−3, kd,R=7×10−3 cm2 s−1 and
p=1.
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Fig. 4 are charge steps obtained upon subtracting the charge
transients recorded in the absence of D1 from those recorded in its
presence. The step develops after an “induction period”, typically
ranging from 40 to 100 s, as measured from the instant of the
potential jump.
The height of the sigmoidal step depends on the procedure
employed for the formation of the lipid monolayer on top of the DPTL
monolayer. When using the “spreading procedure”, the step height is
reproducible and amounts to about 45 μC cm−2, which corresponds to
the charge of potassium ions required to saturate completely the
tetraethyleneoxy hydrophilic spacer (see curve a in Fig. 4) [21]. When
using the “vesicle fusion” procedure, the step height is scarcely
reproducible, but it is always appreciably greater than 45 μC cm−2
(see curve b in Fig. 4). If a further potential jump is carried out after a
rest time of 30 s at−0.250 V, as measured from the end of the pristine
−0.250 V→−0.950 V jump, a sigmoidal step of the same height is
recorded; however, it is steeper and lacks the initial induction period.
This difference in behavior between the pristine and the immediately
following charge step is apparent from curves a and b in Fig. 5. All the
charge steps in this ﬁgure were recorded at a tBLM formed by the
spreading procedure. Charge steps with a long induction period, such
as that exhibited by pristine charge steps (e.g., see curve a in Figs. 4
and 5), can also be obtained after a series of −0.250 V→−0.950 V
jumps, by simply waiting at the initial potential Ei=−0.250 V for at
least 3 min before the potential jump of interest. If a pristine
Ei→−0.950 V potential jump is followed, after a rest time of 30 s at
Ei, by a second potential jump from Ei to −0.850 V, a charge step
similar to that of curve b in Fig. 5 is obtained, albeit more drawn out.
However, if the rest time at Ei is longer than about 120 s, no charge
step is observed by performing a potential jump from Ei to−0.850 V.
This indicates that any D1 pore responsible for ion ﬂux across the lipid
bilayer moiety is stable at −0.950 V, but unstable at −0.850 V.
TBLMs incorporating D1 are impermeable to inorganic ions at
potentials positive of −0.950 V. However, occasionally, particularly
leaky tBLMs with exceedingly low resistances exhibit a peculiar
behavior in the presence of Tl+ ions, as shown in Fig. 6. By cycling the
applied potential repeatedly over the potential range from−0.760 V to
−0.160 V, the current, which is initially almost equal to zero, increases
progressively in time. In particular, the reduction current exhibits a
plateau that tends to a maximum limiting value. On the other hand, the
oxidation current shows a progressively increasing maximum whose
shape tends to approach that of the cyclic voltammogramof Tl+ on bare
mercury (see the dashed curve in Fig. 6). Ultimately, after about 40 min,
the oxidation and reduction currents, albeitmuch smaller than those onFig. 4. Curves a and b are charge steps following pristine potential jumps from
−0.250 V to −0.950 V on a tBLM immersed in aqueous 0.1 M KCl containing 0.4 μM
D1; the distal DOPC monolayer of the tBLM was obtained by the spreading procedure
for curve a and by vesicle fusion for curve b.bare mercury, attain equal and opposite values at the formal potential
(−0.47 V) of the Tl+/Tl(Hg) couple.
All results reported in Section 3 did not change, within the limits of
experimental error, upon replacing DOPC by a negatively charged
DOPC/DOPA (70:30) mixture.
4. Discussion
The long foot of the sigmoidal charge step following the pristine
potential jump from −0.250 V to −0.950 V is indicative of an
induction period prior to the peptide insertion into the lipid bilayer.
This behavior is entirely analogous to that exhibited by the polyene-
like antibiotic monazomycin [15] and can be interpreted by the same
model. According to this model, the potential jump induces the
disruption of any clusters adsorbed on top of a tBLM (henceforthFig. 6. Cyclic voltammograms of 1.0×10−3 M Tl+ in aqueous solution of 0.1 M KCl and
0.2 μM D1, recorded on a mercury-supported leaky tBLM at different times tmeasured
from the addition of thallous ion. In the order of increasing current, t equals 0, 8, 20, 33,
35, 37, 39, 41 and 45 min. The dashed curve is the Tl+ cyclic voltammogram recorded
on bare mercury. Scan rate: 50 mV s−1.
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monomers” into the lipid bilayer and the aggregation of the mono-
mers incorporated in the lipid bilayer (henceforth referred to as the
“embedded monomers”) into channel-forming “embedded clusters”.
These three consecutive events are strictly correlated and are
schematically depicted in Fig. 7.
The kinetic process of disruption of ﬂat clusters is treated as a
nucleation and growth of holes within the clusters. By “nucleation” of
holes, we mean the quasi-reversible detachment of an initial number
of ﬂat monomers from a ﬂat cluster and their random intercalation
with the water molecules on top of the tBLM. In other words, a hole is
just a ﬂat monomer that, upon detachment from a ﬂat cluster, leaves
behind a hole in the cluster. These ﬂat monomers are considered to
detach from a ﬂat cluster and to re-aggregate to it in a quasi-reversible
manner, until the number of nearest-neighboring holes in the cluster
attains a critical value (n) beyond which this number increases
irreversibly up to complete disruption of the ﬂat cluster. This critical
number of nearest-neighboring holes constitutes the “nucleus”.
Nucleation is followed by the irreversible “growth” of the nuclei.
Nuclei are formed progressively in time, with a nucleation rate
constant (kh,N); each one grows independently from the others, with a
given rate of radial growth (vh,R). Possible overlapping of the growing
nuclei is avoided by using a formalism introduced by Avrami [22]. It
can be shown that the kinetics of nucleation and growth of holes is
expressed by a single adjustable parameter, i.e. kh,Nvh,R2 [15].
Disruption of ﬂat clusters starts only when the interfacial electric
ﬁeld becomes high enough to drag the few ﬂat monomers in
equilibrium with ﬂat clusters into the lipid bilayer, converting them
into embedded monomers. We deﬁne by p the probability of
penetration of monomers into the lipid bilayer; this is a dimensionless
parameter that measures the interfacial electric ﬁeld strength and
increases as the potential difference across the lipid bilayer (i.e., the
transmembrane potential) becomes progressively more negative,
until it reaches its limiting unit value. The disruption of ﬂat clusters is
necessary because they have the hydrophilic/charged groups turned
toward the aqueous phase and the hydrophobic groups turned toward
the interior of the clusters. Conversely, the embedded monomers
resulting from the disruption of ﬂat clusters tend to aggregate with
the hydrophilic groups turned toward the interior of the embedded
cluster and the hydrophobic groups turned toward its exterior, so as
to establish hydrophobic interactions with the hydrocarbon tails of
the lipid bilayermolecules. This gives rise to embedded clusters with a
lumen lined by hydrophilic/charged groups, namely “ion channels”.
The formation of ion channels is again assumed to proceed by
nucleation of the embedded monomers and growth of the resulting
nuclei. The number of embedded monomers forming the critical
nucleus will be assumed to be equal to that, n, for the nuclei of holes,
for simplicity. The kinetics of the nucleation and growth processFig. 7. Schematic picture of: (a) a ﬂat cluster; (b) a ﬂat cluster with a hole; (c) a ﬂat
monomer resulting from the formation of the hole; (d) same monomer after penetration
in the lipid bilayer, with passage from ﬂat to embedded stand; and (e) aggregation
of a number of embedded monomers, with formation of a channel-forming embedded
cluster.yielding ion channels is expressed by the single adjustable parameter
kNkR
2, where kN is the rate constant of nucleation of the embedded
monomers and kR is the rate constant of radial growth of the resulting
nuclei [15].
The current ﬂowing across a tBLM, as a consequence of a potential
jump inducing channel formation, behaves differently from that
across a bilayer lipid membrane (BLM) interposed between two
aqueous phases. In fact, the ions moving across the lipid bilayer
moiety of a tBLM are not free to diffuse in a semi-inﬁnite aqueous
medium on the trans side of the bilayer, as in the case of a BLM. Rather,
they accumulate within the hydrophilic spacer moiety of the tBLM,
spreading radially from the mouth of each newly formed channel,
until they completely saturate the spacer. Thus, while the current
ﬂowing across a BLM incorporating ion channels increases up to a
maximum limiting value, the current at a tBLM attains a maximum
and then decays to zero, as soon as saturation is reached. The
corresponding charge vs. time curve exhibits a sigmoidal shape,
attaining a plateau that depends exclusively on the spaciousness of
the hydrophilic spacer, independent of the number density of the ion
channels. The model must, therefore, associate the nucleation and
growth process yielding ion channels to the concomitant radial
diffusion of the translocating ions into the hydrophilic spacer. The
ionic charge that accumulates progressively into the hydrophilic
spacer following the negative potential jump is positive, due to the
negative ﬁnal potential and to D1 being more permeable to
monovalent cations than to monovalent anions. At any instant of
the charge transient, this positive charge must be compensated for by
an equal and opposite negative charge due to a ﬂux of electrons to the
electrode surface along the external circuit, in order to maintain the
electroneutrality of the whole mercury|solution electriﬁed interface.
Therefore, the recorded charge Q(t), once decreased by the charge
recorded under otherwise identical conditions in the absence of the
channel-forming molecules, is practically equal in magnitude but
opposite in sign to the ionic charge ﬂowing through the channels. Q(t)
is calculated by assuming that the formation of each newly formed
channel starts a radial diffusion of ions from its mouth [15]. The
kinetics of this radial diffusion of ions, leading to complete saturation
of the hydrophilic spacer, is expressed by a single parameter, namely
kd,R; this measures the time derivative of the square of the radius of
the circular area covered by the ions ﬂowing from the mouth of a
single channel and diffusing radially into the hydrophilic spacer. It can
be shown that kd,R is approximately constant [15,23].
The dashed curve a in Fig. 5 shows the best ﬁt to the pristine
experimental charge step following a potential jump from an initial
value Ei=−0.250 V to a ﬁnal value Ef=−0.950 V. The adjustable
parameters used for the ﬁtting are reported in the legend. The
parameter θ0 denotes the fraction of the whole surface of the tBLM
initially covered by ﬂat clusters. The long foot of curve a is ascribed to
disaggregation of ﬂat clusters by nucleation and growth of holes. The
subsequent sigmoidal step, which involves a much shorter induction
period, is ascribed to nucleation of embedded monomers and growth
of the resulting nuclei; its slope is higher, the higher the probability p
of penetration is. The dashed curve b in Fig. 4 is the best ﬁt to the
experimental charge step obtained by carrying out a second potential
jump, after a rest time of 30 s at Ei. It was obtained by ignoring the
disaggregation of ﬂat clusters, while keeping all other adjustable
parameters unaltered, apart from a small increase in the probability p.
Evidently, the rest time at Ei is long enough to cause the expulsion of
positive ions from the spacer, but not a complete expulsion of the
embedded monomers forming the ion channels from the lipid bilayer
moiety. Only a partial expulsion of these monomers and a disorga-
nization of the channel-forming clusters can be envisaged at Ei. The
sigmoidal shape of curve b may account for the reorganization of the
ion channels following the second potential jump to −0.950 V.
An approximate extra-thermodynamic estimate of the potential
difference, Δϕ, across the lipid bilayer moiety of a Hg-supported DPTL|
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0.480 V) [24]. Therefore, the minimum negative applied potential
required to induceD1channel formation, i.e.−0.950 V, corresponds to a
non-physiological transmembrane potential Δϕ of about −0.340 V.
Differently stated, the formation of D1 ion channels in the lipid bilayer
moiety of the tBLM requires a very high interfacial electric ﬁeld directed
toward themetal. It is instructive to compare the pristine charge step in
Fig. 5, curve a, provided by D1 upon stepping from −0.250 V to
−0.950 V, with that which the peptide alamethicin, incorporated in an
identical tBLM obtained by the spreading procedure, provides by
stepping from−0.250 V to−0.600 V (see curve c in Fig. 5). Incidentally,
−0.600 V is theminimumnegative applied potential required to induce
alamethicin channel formation, giving rise to a charge step of about
−45 μF cm−2. The charge step of curve c is similar to that of curve a
induced by D1 and can be interpreted by the samemodel. However, the
charge step induced by alamethicin is obtained at a physiological
transmembrane potential Δϕ of −86 mV, which conﬁrms the voltage
dependent nature of this channel-forming peptide [25,26]. Conversely,
to obtain a similar charge step with D1, a non-physiologicalΔϕ value of
about−0.340 V is required.
We have seen that D1 ion channels are formedwhenever a potential
jump isperformed fromapotential aspositive asEi=−0.250 V to aﬁnal
potential of −0.950 V. Moreover, a D1 channel initially formed by
jumping from Ei to−0.950 V remains active by subsequently jumping
from Ei to −0.850 V, but only if the rest time at Ei between the two
consecutive potential jumps is as short as 30 s. For longer rest times atEi,
no D1 channel is formed by a potential jump from Ei to −0.850 V.
Differently stated, D1 ion channels are unstable at transmembrane
potentialsΔϕ less negative than those atwhich they are initially formed.
This behavior is in apparent contrast with that of current vs. Δϕ curves
recorded at a conventional BLM [3]. In this case, the initial formation of
D1 ion channels requires a relatively high Δϕ value of about 250 mV.
However, by consecutive potential scans, the minimum Δϕ value at
which the ionic current starts ﬂowing across the BLM decreases
progressively in time until ultimately, after about 45 min, an ohmic
behavior is attained. This indicates that the D1molecules must undergo
a very slow rearrangement within the BLM under a strong electric ﬁeld
in order to form a channel capable of allowing an appreciable ion ﬂux in
bothdirections by very small shifts of the transmembranepotentialwith
respect to its zero value. This behavior contrasts with that of D1 in
mercury-supported lipid monolayers. In this case, the D1 molecules
increase the differential capacity of the monolayer and allow the
passage of electroactive ions across it as soon as they reach the
monolayer under stirring. This implies that the D1 chains can easily and
rapidly span a lipidmonolayer self-assembled onmercury. On the other
hand, they seem to be too short and, probably, only slightly tilted with
respect to the lipid plane [4,5,8] to span a lipid bilayer. Therefore, it is
reasonable to suppose that the formation of a D1 channel exhibiting an
ohmic behavior in a BLM requires the formation of clusters of D1
molecules on both sides of the BLM, after translocation of some of them.
Quite probably, these molecules have one chain lying ﬂat on one of the
two lipid bilayer surfaces and the other chain, hinged by the S\S bond,
partially embedded in the lipid bilayer. In fact, the D1 section straddling
the S\S bond is too highly charged to reside stably in the middle of the
lipid bilayer. We may tentatively hypothesize ion-channel formation
when oneD1 cluster on one side of the lipid bilayermatches transitorily
another one on the opposite side. This transitory statemay be stabilized
by ion ﬂux through the resulting ion channel. Such stabilization was
demonstrated for the channel formed by a gramicidin dimer [14], even
though in this case the ionﬂux takes placealong the lumenof theunique
gramicidin helixes, rather than along the hydrophilic interior of clusters
of peptide monomers.
Strong support in favor of this hypothesis is provided by the D1
behavior in a mercury-supported tBLM, in view of its different features
with respect to a conventional BLM. Mercury, thanks to its liquid state,
provides a defect-free surface to the self-assembling ﬁlm and imparts tothe tBLM a ﬂuidity comparable with that of BLMs, allowing lateral
mobility of the DPTL molecules anchored to its surface. Thus, when the
distal lipid monolayer of a mercury-supported DPTL|lipid tBLM, or a
lipid monolayer directly self-assembled on bare mercury, consists of a
raft-forming mixture, lipid microdomains are formed spontaneously
and rapidly, as veriﬁedbydifferential capacitancemeasurements andby
two-photon ﬂuorescence lifetime imaging microscopy [27]. The tetra-
ethyleneoxy (TEO) moiety of DPTL in aqueous KCl solution may
accommodate up to three potassium ions per DPTL molecule, denoting
an appreciable hydration [21]. In view of these advantageous features,
mercury-supported DPTL|lipid tBLMs have been used to incorporate
relatively bulky channel proteins, such asOmpFporin [13] and theHERG
potassium channel [16]. The incorporation requires that a number of
laterally mobile DPTL molecules, equal to that necessary to make room
for the protein molecules, accumulates at the neck of the hanging
mercury drop, similarly to the accumulation of lipid and decane
molecules at the Plateau-Gibbs border of BLMs. This spontaneous
process does not involve a packing strain, provided that the cross-
sectional area of the protein extramembrane domain located on the TEO
side of the lipid bilayer does not exceed that of the resulting ion channel.
The distinctin molecules that contribute to the formation of an ion
channel, while staying on the TEO side of the lipid bilayer moiety of the
tBLM, do not satisfy this requirement; they share their space with the
TEO chains covalently linked to the overhanging DPTL phytanyl chains.
This produces a certain packing strain that may destabilize the D1 ion
channel. The translocation of a positively charged D1 molecule to the
spacer side of the lipid bilayer moiety of the tBLM must, therefore,
require a transmembrane potential Δϕ as high as−340 mV in order to
take place. However, asΔϕ is decreased even slightly, the D1 channel is
completely dismantled, instead of maintaining its activity even at very
low Δϕ values, as observed in a BLM. This is due to the instability of the
relatively bulky andpositively chargedD1chains intercalated in the TEO
chains of the tBLM, when the strong electric ﬁeld directed toward the
metal that forces them in that location is decreased.
The above interpretation is also supported by the occasional
behavior of particularly leaky tBLMs incorporating D1 (see Fig. 6). The
maximum reduction limiting current is controlled by migration-
assisted diffusion of Tl+ ions along the D1 channel, since the sub-
sequent Tl+→Tl(Hg) reduction step is very fast [19]. On the other
hand, the oxidation of Tl(Hg) to Tl+ is accompanied by the expulsion
of the latter ions through the D1 channel into the aqueous solution,
where the Tl+ ions diffuse similarly to those formed on bare mercury.
This explains why the oxidation current tends to approach that on
bare mercury, at least at the most positive potentials. The equality of
the oxidation and reduction currents at the formal potential of the
Tl+/Tl(Hg) couple, as attained after about 40 min of voltage cycling,
denotes a Nernstian behavior. The low current level is just due to the
slow movement of Tl+ ions along the D1 channel over the potential
range straddling this formal potential. In this respect, the gradual
attainment of the Nernstian behavior by the Tl+/Tl(Hg) couple is to be
compared with the gradual attainment of the ohmic behavior in the
patch-clamp measurements on conventional BLMs [3]. In both cases,
such an attainment requires a long time, strongly suggesting the
gradual passage of a portion of D1 molecules on the trans side of the
lipid bilayer. It should be noted that leaky tBLMs of low resistance,
such as those yielding the voltammetric curves in Fig. 6, have been
discarded in all chronocoulometric measurements reported in this
work.
The sigmoidal charge step involved in the −0.250 V→−0.950 V
potential jump is higher when the vesicle fusion procedure is used for
the preparation of the distal DOPC monolayer of the tBLM, instead of
the spreading procedure (see Fig. 4, curve b).We have recently shown
by the patch-clamp technique that a DPTL|DOPC bilayer tethered to a
mercury cap electrodeposited on a Pt microdisk and incorporating
alamethicin yields single channel currents similar to those obtained at
conventional BLMs, when the DOPC distal monolayer is formed by
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obtained if the DOPC monolayer is formed by spilling a drop of a lipid
solution in chloroform on the DPTL monolayer and allowing the
solvent to evaporate. This difference in behavior was ascribed to ion
ﬂux along alamethicin channels incorporated in vesicles partially
fused on the DPTL-coated mercury microcap, when the vesicular
transmembrane potential attains an appropriate value. The increase in
the height of the sigmoidal charge step of curve b in Fig. 4 beyond the
value of 45 μC cm−2, required for the saturation of the hydrophilic
spacer by K+ ions, can be likewise explained by ion ﬂux along D1
channels incorporated in partially fused vesicles.
In the absence of ion ﬂux, the absolute potential difference Δϕabs
across the interface between the mercury surface and the aqueous
solution on top of a partially fused vesicle is given by [24]:













Here χTEO is the surface dipole potential of the tetraethyleneoxy
chain,q is themetal charge density experiencedby thediffuse layer ions,
and Cla, CTEO, Clb, Cw, Cvm are the differential capacitances of the lipoic
acid residue, the tetraethyleneoxy(TEO)moiety, the lipidbilayermoiety
of the tBLM, the water layer within the partially fused vesicle and the
vesicular membrane. The extra-thermodynamic absolute potential
difference across the mercury|(aqueous solution) electriﬁed interface
can be approximately estimated by adding +0.230 V to the applied
potential measured versus a SCE [24]. Moreover, χTEO was estimated at
−0.250 V. In the absence of ion ﬂux across the lipid bilayer moiety, the
differential capacitances of the different sections of the tBLM amount to
Cla=4 μF cm−2, CTEO=7 μF cm−2 and Clb=1 μF cm−2 [12a,24]. Upon
ignoring the relatively low contribution from Cw−1 to the sum in Eq. (1)
and setting Cvm equal to 1 μF cm−2, this equation yields a value of
−0.196 μC cm−2 for q and a value of−0.196 V for the transmembrane
potential, q/Cvm, across the vesicular membrane. This transmembrane
potential is probably too low to initiate a cationic ﬂux across the
vesicular membrane. However, as soon as an applied potential of about
−0.950 V induces an ionﬂux across the lipid bilayermoiety of theDPTL,
ﬁlling the hydrophilic spacer, the capacitance Clb of the lipid bilayer
moiety increases. Thus, for a tBLM incorporating valinomycin,Clb attains
a valueof about 9 μF cm−2with a peak at−0.90 V [12a]. This increase in
Clb extends throughout the whole tBLM, almost doubling the negative
valuesof bothq and the vesicular transmembranepotential, and starting
the cationic ﬂux across the vesicular membrane. This explains why in
curve b of Fig. 4 the excess of charge over that, 45 μF cm−2, required to
ﬁll the TEO hydrophilic spacer, ﬂows almost simultaneously with the
latter.
5. Conclusions
Incorporation of D1 in lipid monolayers self-assembled on mercury
yields ion channels highly selective toward inorganic monovalent
cations such as Tl+ ions; they are also selective toward inorganic
divalent cations, such as Cd2+ ion, albeit to a lower extent.
Incorporation of D1 in lipid bilayers tethered to a mercury
electrode through a hydrophilic spacer (tBLMs) yields channels
allowing the passage of K+ ions into the spacer, up to its complete
saturation, at potentials equal or more negative than −0.950 V/SCE.
The ﬂow of K+ ions is revealed by charge transients following
potential jumps from−0.250 to−0.950 V. They are characterized by
a long induction period, duringwhich the charge is practically equal to
zero. This initial behavior is ascribed to a slow disaggregation of
clusters of D1 molecules lying ﬂat on the lipid bilayer surface. The
induction period is followed by a sigmoidal step ascribed to the
nucleation of D1 monomers embedded in the lipid bilayer moiety and
to the growth of the resulting nuclei, with ion channel formation.Applied potentials≤−0.950 V correspond to non-physiological
values (≤−340 mV) of the potential difference across the lipid bilayer
moiety of the tBLM (i.e., the transmembrane potential). Once formed
at these negative potentials, the D1 channels become unstable when
brought to potentials positive of −0.950 V. Only leaky tBLMs with
exceedingly low resistances may occasionally allow the formation of
D1 channels permeable to Tl+ ion at all transmembrane potentials
different from zero, after prolonged voltage cycling. Comparing the
behavior of D1 channels in tBLMs with that in conventional BLMs [3]
strongly suggests that D1 channel formation in lipid bilayers requires
the gradual passage of a portion of the D1 molecules on the trans side
of the bilayer. We may tentatively hypothesize ion-channel formation
when one D1 cluster on one side of the lipid bilayer matches
transitorily another one on the opposite side. This transitory statemay
be stabilized by ion ﬂux through the resulting ion channel.
In conclusion, the model proposed here seems to generally explain
and includeprevious independent structural/functional observationson
D1 [2–5,8] that, being the result of various technical procedures applied
under different experimental conditions, have provided a snapshot on
distinct states of this antimicrobial peptide in passing from an aqueous
phase to a membrane environment, where it can elicit its action.
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